This paper presents an approach to investigate the influence of metamaterial to radio-frequency (RF) magnetic field in magnetic resonance imaging (MRI) at 3T. The variety of magnetic fields of RF receiving coil was calculated using the commercial electromagnetic simulation software (CST). The simulation results demonstrate that the transmitting and receiving magnetic field (B 1 + and B 1 -) can be enhanced when the metamaterial is inserted into the RF coil, suggesting that the metamaterial has potential in MRI applications at 3T.
Introduction
Metamaterials with the negative permeability have been proposed in magnetic resonance imaging (MRI) applications due to the superlens' unique capability of imaging an object in deep subwavelength by recovering the evanescent wave. Wiltshire had designed a Swiss roll cell in 2001 [1] , which proved that the magnetic metamaterial can enhance the strength of magnetic field at 0.5T. Marques' group had proposed a super lens [2] with permeability -1 at 1.5T by adopting the split resonance ring (SRR), which improved that the signal to noise ratio (SNR) of RF coil. In MRI, the intensity of the receiving magnetic field of radio-frequency (RF) coils is a determinative factor for SNR or detection sensitivity [3] [4] . In this paper, we investigate the influences of metamaterial inserted into RF magnetic fields (B 1 ) and specific absorption ratio (SAR) generated by a surface RF coil for MRI at 3T using electromagnetic (EM) simulation.
Method
In order to design the corresponding metamaterial with the negative relative permittivity and permeability, we have proposed that dual-layer metamaterial square spirals design. The resonance frequency is not sensitive with the varying of line width but decreases with the number of turns, and converges to fixed value. Therefore, the resonance frequency of one unit cell can be adjust to the proton Larmor frequency at 3T by changing the number of tunes of spirals. In addition, one unit cell has a flexible design to allow adjustment to human body. Influences of metamaterial will be verified in the metamaterial numerical simulation.
The main simulation model included a square loop RF coil, a square metamaterial and a cylinder phantom as shown in Fig. 1(a) . The direction of main magnetic field B 0 in MRI is generally along Z axis. The square cell of metamaterial covered on the top and bottom of the dielectric slab is a two layers rectangular copper spiral with 0.07 mm thick per layer as shown in Fig. 1(b) . The dielectric slab is 0.38 mm thick. The square copper spiral design has 3.5 turns in one layer and 3.75 tunes in another layer, linewidth = 0.5 mm, line spacing = 0.1 mm, and the side length of the square spiral is 17.8 mm with a unit cell size of 18 mm. The metamaterial consisted of 7 × 7 square cells as shown in Fig. 1(c) . The metamaterial of dielectric slab was rogers-5880 with permittivity Epsilon r = 2.2 and permeability Mu r = 1. The resonance frequency of the cell is 124 MHz close to the resonance frequency of MRI at 3T. The square loop RF coil was tuned at 123.2MHz for 3T MRI by four capacitors with 44 pF respectively and bended close to the cylinder phantom which was used to mimic the human tissue. The length and thickness of the square loop RF coil were 70 mm and 0.15 mm, respectively. All metallic components were modeled as copper with a conductivity of 5.8×10 7 Siemens/m. The RF coil was arranged at distance = 10 mm away from the top of the metamaterial by cuboid Teflon plastic foam insert. The cylinder phantom with radius = 60 mm and height = 200 mm was filled by water with permittivity Epsilon r = 74 and permeability Mu r = 0.99. All the metamaterial, RF coil, and plastic foam were fixed on the surface of the cylinder phantom by plastic bandage in practice. The CST was used to calculate the EM field distribution of the simulation model [5] . The total mesh number of the simulation model was 19,542,976 with adaptive mesh discretization. The absorb boundary condition: open boundary in all direction was used to mimic the infinite free space. The distance between the absorb boundary and the model was set to 200 mm in all directions. The RF coil was excited by a Gaussian pulse from one of four gaps. The convergence criterion was set to -35 dB.
The magnetic field B 1 generated by the square loop RF coil was linearly polarized. Because magnetization vectors can be excited only by the transverse component of magnetic field B 1 in MRI. For simplicity, B 1 can be represented as (1) where x e and y e were unit vectors in X and Y direction respectively. According to the EM field theory, the magnetic field B 1 can be decomposed into two circularly polarized field [6] , one a left-handed rotating field B 1 + and the other a right-handed rotating field B 1 -, as follow
where 1x B and 1y B were corresponding to complex number representation of the component of magnetic field B 1 in X and Y direction at laboratory frame, j 2 is equal to -1. The left-handed rotating field B 1 + was called transmitting magnetic field in MRI and the right-handed rotating field B 1 -was called receiving magnetic field similarly. In this paper, the field distribution of transmitting magnetic field B 1 + and receiving magnetic field B 1 -for single loop RF coil and SAR in the cylinder phantom were investigated for the influences by the metamaterial insert. 
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Results
In order to investigate the influences of metamaterial insert, the Y-Z plane (sagittal plane for MRI) in the cylinder phantom was selected. The variation of distribution of SAR and magnetic field was considered. The comparisons of B 1 +, B 1 -and SAR with or without the metamaterial insert were shown at the same scale in Fig. 2 . Because the RF magnetic field was decreased progressively with the increase of penetration depth along Y axis in the cylinder phantom, the black rectangle box closed to the RF coil on sagittal plane is defined as region of interest (ROI). The magnetic field and SAR were exported from CST and processed by MATLAB code. The quantitative variation of magnetic field and SAR was analyzed. Firstly, the maximums of field B 1 + and B 1 -in ROI were increased 32.4% and 29% due to the metamaterial insert. But the average values of field B 1 + and B 1 -in ROI were decreased about 5.7% and 8.5%. Secondly, the average value of SAR in ROI was decreased 15.4%, which means that the metamaterial have potential in MRI applications at 3T MRI.
Discussion and Conclusions
The influences of metamaterial for MRI at 3T are presented by numerical simulation. The variation of RF magnetic field and SAR was considered. The transmitting field and receiving field were enhanced and the average value of SAR was decreased in the ROI when the metamaterial was inserted. The proposed metamaterial will be fabricated and measured in future.
